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1
COMBINED CYCLE POWER SYSTEM
INCLUDING A FUEL CELL AND A GAS
TURBINE

RELATED APPLICATIONS

The present application is based on, and claims priority
from, Japanese Application Number 2012-040335, filed Feb.
27, 2012, the disclosure of which is hereby incorporated by
reference herein in its entirety.

FIELD OF THE INVENTION

The present invention relates to a fuel cell/gas turbine
power system as a combined cycle power system in which a
high-temperature fuel cell and a high-compression-ratio gas
turbine are combined, and more particularly, to a technique
for preventing deterioration associated with the operation
shutdown of the high-temperature fuel cell.

DESCRIPTION OF THE RELATED ART

Fuel cells are devices which generate electricity by elec-
trochemical reaction-based power generation, and have such
characteristics as excellent generation efficiency and environ-
mental responsiveness. The fuel cells are thus under develop-
ment for practical use as an urban energy supply system for
the 21st century.

Such fuel cells are composed of a fuel electrode as an
electrode on a fuel side, an air electrode as an electrode on an
air (oxidant) side, and an electrolyte located therebetween to
allow only ion to pass therethrough. Various types of fuel cells
have been developed based on the type of electrolyte.

Amongthe various types of fuel cells, a solid oxide fuel cell
(referred to as “SOFC” below) is a fuel cell which is operated
with natural gas, petroleum, methanol, coal-gasification gas,
orthe like as fuel by use of ceramics such as zirconia ceramics
as an electrolyte. The SOFC has a high operating temperature
of about 900 to 1000° C. so as to improve ion conductivity.
The SOFC is known as a versatile and highly-efficient high-
temperature fuel cell.

To prevent the deterioration of the SOFC due to reduction
at an air electrode or oxidation at a fuel electrode associated
with the stop of electricity generation, the fuel cell is pro-
tected by circulating inert gas such as nitrogen on the fuel
electrode side after the operation shutdown of the fuel cell.

Japanese Laid-open Patent Publication No. 2006-120385
discloses a fuel cell system and an operating method thereof.
A method for replacing gas with air in a fuel system by
depressurization to almost a vacuum state is disclosed
therein.

Discharged fuel discharged from the aforementioned
SOFC has a high gas temperature. When the heat energy of
discharged fuel is reused by a bottoming cycle such as a gas
turbine and a steam turbine for use to generate electricity as
disclosed in, for example, Japanese Laid-open Patent Publi-
cation No. 2004-119239, high generation efficiency can be
obtained along with a small system loss. That is, the SOFC
can be used in a fuel cell gas turbine power facility which
generates electricity by a combination of a fuel cell and a gas
turbine, and a combined cycle power facility which generates
electricity by producing steam by an exhaust heat recovery
boiler added to the above facility to reuse the exhaust heat of
the gas turbine, and driving a steam turbine by the steam.

FIG. 5 are system diagrams illustrating a conventional
depressurization example in an operation shutdown process
of'a combined cycle power system 1'. In the drawings, respec-
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tive on-off valves in an open state are indicated by white color,
and in a closed state, indicated by black color. In the case of
the combined cycle power system 1' in FIG. 5, only a dis-
charged fuel release source valve 81 is provided in the system
of'adischarged fuel recirculation line 50 and a discharged fuel
atmospheric release line 80. Thus, a fuel electrode 11 in a
high-temperature portion is in communication with the dis-
charged fuel recirculation line 50 in a low-temperature por-
tion in the shutdown process in FIG. 5(5).

Since the discharged fuel recirculation line 50 has a low
initial temperature and a small heat capacity, a drain occurs
along with a temperature decrease by depressurization. The
drain occurring in the discharged fuel recirculation line 50
partially passes through the fuel electrode 11 in communica-
tion therewith and is released to the atmosphere due to the
flow of discharged fuel (see an arrow fin the drawings) in the
depressurization process. Thus, the drain occurring in the
discharged fuel recirculation line 50 flows into the fuel elec-
trode 11, so that the SOFC 10 is deteriorated, and there is an
influence of the drain flowing into the fuel electrode 11 in the
high-temperature portion.

SUMMARY OF THE INVENTION

In the combined cycle power system with the fuel cell
using the SOFC and the gas turbine, the SOFC may be dete-
riorated due to the reduction at the air electrode and the
oxidation at the fuel electrode in the shutdown of the SOFC.
Thus, for example, nitrogen is used as the inert gas to purge
the fuel electrode side. The purging by nitrogen expels com-
bustible fuel gas from the fuel cell after the shutdown of the
fuel cell in addition to cooling the fuel cell and preventing
oxygen from entering the fuel electrode side. Such effect as to
ensure safety is thereby obtained.

However, when the fuel cell/gas turbine power system has
a large output, a larger amount of inert gas is required to
replace gas on the fuel electrode side with the inert gas such
as nitrogen. Thus, in the case of using nitrogen, a nitrogen gas
supply facility using a liquid nitrogen which can supply a
large capacity of nitrogen gas is required. The nitrogen gas
supply facility as described above has a pressure to supply
nitrogen gas of 0.9 MPa or less. Thus, an SOFC (an operating
pressure: 1 MPa or more) combined with a high-compres-
sion-ratio gas turbine requires a compressor or the like for
supplying high-pressure nitrogen gas.

That is, since the above conventional technique requires a
large amount of high-pressure inert gas in the shutdown ofthe
SOFC, the inert gas supply facility becomes complicated, and
alarger amount of inert gas is consumed. Thus, the initial cost
and the running cost of the entire system increase. The
required amount of the inert gas is estimated to be about
several tens Nm®/h/a power output of SOFC (about 2000 to
5000 Nm>/h in a plant with a 100 MW SOFC).

Based on such circumstances, there is a demand for a fuel
cell/gas turbine power system which uses no or a less amount
of high-pressure inert gas in the shutdown of an SOFC.

The present invention has been made to make an improve-
ment on the above circumstances, and it is an object thereof to
provide a fuel cell/gas turbine power system which uses no or
aless amount of high-pressure inert gas in the shutdown of an
SOFC.

To achieve the above object, the present invention employs
the following solutions.

A combined cycle power system according to a first aspect
of the present invention includes: a fuel cell which generates
electricity by an electrochemical reaction through an electro-
lyte upon supply of fuel gas and air; a gas turbine which is
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operated upon supply of discharged fuel and discharged air
discharged from the fuel cell after the generation of electric-
ity; a fuel gas supply line which includes a flow passage that
supplies the fuel gas to a fuel electrode of the fuel cell, and a
fuel inlet valve provided in the flow passage; a compressed air
supply line which includes a flow passage that supplies air
compressed by a compressor of the gas turbine to an air
electrode of the fuel cell, and an air inlet valve provided in the
flow passage; a discharged fuel recirculation line which
includes a flow passage that connects the fuel electrode and
the fuel gas supply line to circulate the discharged fuel, and a
discharged fuel circulation source valve, a booster blower
section, and a discharged fuel circulation outlet valve pro-
vided in the flow passage in order from an upstream side
thereof; a discharged air supply line which includes a flow
passage that supplies the discharged air from the air electrode
to a combustor of the gas turbine, and a discharged air outlet
valve provided in the flow passage; a gas turbine fuel supply
line which includes a flow passage that branches from the
discharged fuel recirculation line between the discharged fuel
circulation source valve and the booster blower section to
supply a portion of the discharged fuel to the combustor, and

a discharged fuel supply source valve provided in the flow
passage; a discharged fuel atmospheric release line which
includes a flow passage that branches from the discharged
fuel recirculation line upstream of the discharged fuel circu-
lation source valve, and a discharged fuel release source valve
provided in the flow passage; a discharged air atmospheric
release line which includes a flow passage that branches from
the discharged air supply line upstream of the discharged air
outlet valve, and a discharged air release source valve pro-
vided in the flow passage; and a discharged fuel release
bypass line which includes a flow passage that connects the
discharged fuel atmospheric release line and the discharged
fuel recirculation line downstream of the discharged fuel
release source valve and downstream of the discharged fuel
circulation source valve, and a bypass on-off valve provided
in the flow passage.

The combined cycle power system having the above con-
figuration includes: the discharged air atmospheric release
line in which the discharged air release source valve is pro-
vided in the flow passage that branches from the discharged
air supply line upstream of'the discharged air outlet valve; and
the discharged fuel release bypass line in which the bypass
on-off valve is provided in the flow passage that connects the
discharged fuel atmospheric release line and the discharged
fuel recirculation line downstream of the discharged fuel
release source valve and downstream of the discharged fuel
circulation source valve. Thus, the fuel inlet valve, the dis-
charged fuel circulation source valve, the discharged fuel
circulation outlet valve, the air inlet valve, and the discharged
air outlet valve in an open state are closed at the same time as
the operation shutdown of the fuel cell. The circulation of the
fuel, the compressed air, the discharged fuel, and the dis-
charged air can be thereby blocked between a high-tempera-
ture portion inside (the fuel electrode, the air electrode or the
like) and around the fuel cell, and a low-temperature portion
of the outside of the fuel cell.

The discharged fuel release source valve, the bypass on-off
valve, and the discharged air release source valve in a closed
state are also opened at the same time as the operation shut-
down of the fuel cell. The discharged fuel and the discharged
air can be thereby released to outside of the high-temperature
portion, so that the high-temperature portion can be rapidly
depressurized.

A combined cycle power system according to a second
aspect of the present invention includes: a fuel cell which
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4

generates electricity by an electrochemical reaction through
an electrolyte upon supply of fuel gas and air; a gas turbine
which is operated upon supply of discharged fuel and dis-
charged air discharged from the fuel cell after the generation
of electricity; a fuel gas supply line which includes a flow
passage that supplies the fuel gas to a fuel electrode of the fuel
cell, and a fuel inlet valve provided in the flow passage; a
compressed air supply line which includes a flow passage that
supplies air compressed by a compressor of the gas turbine to
an air electrode of the fuel cell, and an air inlet valve provided
in the flow passage; a discharged fuel recirculation line which
includes a flow passage that connects the fuel electrode and
the fuel gas supply line to circulate the discharged fuel, and a
discharged fuel circulation source valve, a booster blower
section, and a discharged fuel circulation outlet valve pro-
vided in the flow passage in order from an upstream side
thereof; a discharged air supply line which includes a flow
passage that supplies the discharged air from the air electrode
to a combustor of the gas turbine, and a discharged air outlet
valve provided in the flow passage; a gas turbine fuel supply
line which includes a flow passage that branches from the
discharged fuel recirculation line between the discharged fuel
circulation source valve and the booster blower section to
supply a portion of the discharged fuel to the combustor, and
a discharged fuel supply source valve provided in the flow
passage; a discharged fuel atmospheric release line which
includes a flow passage that branches from the discharged
fuel recirculation line upstream of the discharged fuel recir-
culation source valve, and a pressure loss element and a
discharged fuel release source valve provided in the flow
passage in order from an upstream side thereof; a discharged
air atmospheric release line which includes a flow passage
that branches from the discharged air supply line upstream of
the discharged air outlet valve, and a discharged air release
source valve provided in the flow passage; and a discharged
fuel release bypass line as a flow passage that connects the
discharged fuel atmospheric release line and the discharged
fuel recirculation line between the pressure loss element and
the discharged fuel release source valve and downstream of
the discharged fuel circulation source valve.

The combined cycle power system having the above con-
figuration includes: the discharged fuel atmospheric release
line in which the pressure loss element and the discharged
fuel release source valve are provided in order from the
upstream side in the flow passage that branches from the
discharged fuel recirculation line upstream of the discharged
fuel circulation source valve; the discharged air atmospheric
release line in which the discharged air release source valve is
provided in the flow passage that branches from the dis-
charged air supply line upstream of the discharged air outlet
valve; and the discharged fuel release bypass line as the flow
passage that connects the discharged fuel atmospheric release
line and the discharged fuel recirculation line between the
pressure loss element and the discharged fuel release source
valve and downstream of the discharged fuel circulation
source valve. Thus, the fuel inlet valve, the discharged fuel
circulation source valve, the discharged fuel circulation outlet
valve, the air inlet valve, and the discharged air outlet valve in
an open state are closed at the same time as the operation
shutdown of the fuel cell. The circulation of the fuel, the
compressed air, the discharged fuel, and the discharged air
can be thereby blocked between a high-temperature portion
inside and around the fuel cell, and a low-temperature portion
of the outside of the fuel cell. The discharged fuel release
source valve and the discharged air release source valve in a
closed state are also opened at the same time as the operation
shutdown of the fuel cell. The discharged fuel and the dis-
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charged air can be thereby released to outside of the high-
temperature portion, so that the high-temperature portion can
be rapidly depressurized. Since the pressure loss element is
provided in the discharged fuel atmospheric release line, the
discharged fuel can be released to the atmosphere while the
pressure of the high-temperature portion where the release
flow passage has a large pressure loss is being maintained
higher than that of'the low-temperature side, that is, while the
flow of the released discharged fuel is prevented from enter-
ing the high-temperature (high-pressure) side from the low-
temperature (low-pressure) side.

In the above combined cycle power system, the com-
pressed air supply line includes a cooling air supply line
which includes a flow passage connected to the compressed
air supply line downstream ofthe air inlet valve. Accordingly,
cooling of an air electrode system in the high-temperature
portion can be enhanced by circulating cooling air after
depressurizing and shutting down the fuel cell.

In the above combined cycle power system, the discharged
fuel recirculation line may preferably include a replacement
gas supply line which includes a flow passage connected to
the discharged fuel recirculation line upstream and down-
stream of the discharged fuel circulation outlet valve. Accord-
ingly, cooling of a fuel system in the high-temperature portion
can be enhanced, and combustible gas or steam can be
replaced by circulating replacement gas after depressurizing
and shutting down the fuel cell.

In this case, two types of gases: inert gas such as nitrogen
and air may be prepared as the replacement gas, and the two
types of gasses may be selectively switched in a phased man-
ner. To be more specific, the cooling is performed with the
inert gas at a high temperature time after the depressurization
shutdown, and with the air after the temperature is decreased
to some extent.

A method for operating a combined cycle power system
according to a third aspect of the present invention is a method
for operating a combined cycle power system including a fuel
cell, and a gas turbine that is operated when discharged fuel
and discharged air discharged from the fuel cell are supplied
to a combustor, the method including the steps of: stopping
supply of fuel and air to the fuel cell; blocking circulation of
gas between a fuel gas supply line and a discharged fuel
recirculation line of the fuel cell; and releasing fuel gas and
discharged fuel gas in the fuel gas supply line and the dis-
charged fuel recirculation line to the outside to depressurize
and shut down the fuel cell.

In accordance with the method for operating a combined
cycle power system, the supply of fuel and air to the fuel cell
is stopped, the circulation of gas between the fuel gas supply
line and the discharged fuel recirculation line of the fuel cell
is blocked, and the fuel gas and the discharged fuel gas in the
fuel gas supply line and the discharged fuel recirculation line
are released to outside to depressurize and shut down the fuel
cell. Thus, a high-temperature portion having a high tempera-
ture and a large heat capacity can be rapidly depressurized
with the high-temperature portion being separated from an
external low-temperature portion.

Thus, in the high-temperature portion of the fuel cell, gas
inside the system (discharged fuel and discharged air) is
released to outside ofthe system such as the atmosphere at the
same time as the operation shutdown. Accordingly, a pressure
decrease by the rapid depressurization of the gas inside the
system, and a temperature decrease by expansion of the gas
inside the system are quickly achieved to satisfy deterioration
suppression conditions (the pressure and the temperature) for
the fuel cell. The deterioration of the fuel cell, that is, reduc-
tion at the air electrode and oxidation at the fuel cell can be
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more effectively suppressed as the pressure and the tempera-
ture of the gas inside the system are lower.

Even when drain occurs in the low-temperature portion of
the outside of the fuel cell, the drain does not flow into the
high-temperature portion inside and around the fuel cell
which are separated therefrom.

In the above aspect, the method may further include the
step of: blocking circulation of gas between an air supply line
and a discharged air supply line of the fuel cell at the same
time as blocking the circulation of gas between the fuel gas
supply line and the discharged fuel recirculation line of the
fuel cell, wherein in the releasing step, air in the air supply
line is released to outside to depressurize and shut down the
fuel cell.

In the above aspect, first-stage cooling means which sup-
plies first replacement gas to the fuel gas supply line after the
fuel cell is depressurized and shut down, and second-stage
cooling means which supplies second replacement gas to the
fuel gas supply line after the first-stage cooling means may be
provided.

In this case, the first replacement gas may be inert gas, and
the second replacement gas may be air. Accordingly, the
cooling can be performed with a minimum amount of inert
gas.

Inthe aforementioned present invention, the high-tempera-
ture fuel cell such as an SOFC uses no or a less amount of
high-pressure nitrogen gas when shut down. The initial cost
and the running cost of the entire fuel cell/gas turbine power
system can be thereby reduced.

In the shutdown of the fuel cell, the inside of the fuel cell
can be rapidly depressurized to decrease the temperature, and
the drain can be prevented from occurring in the fuel cell or
entering into the fuel cell from outside. Consequently, the fuel
cell can be protected by suppressing the deterioration of the
fuel cell (the reduction at the air electrode and the oxidation at
the fuel electrode).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 are system diagrams illustrating an embodiment of
a combined cycle power system according to the present
invention: FIG. 1(a) shows a valve on-off state in electricity
generation; and FIG. 1(b) shows a valve on-off state in a
shutdown process (shutdown of a fuel cell).

FIG. 2 are system diagrams illustrating a first modification
of the combined cycle power system shown in FIG. 1: FIG.
2(a) shows a valve on-off state in electricity generation; FIG.
2(b) shows a valve on-off state in a shutdown process of a fuel
cell; and FIG. 2(c) shows a valve on-off state in a shutdown
process of a piping system.

FIG. 3 is a system diagram illustrating a second modifica-
tion of the combined cycle power system shown in FIG. 1.

FIG. 4 are system diagrams illustrating another embodi-
ment of the combined cycle power system according to the
present invention: FIG. 4(a) shows a valve on-off state in
electricity generation; and FIG. 4(b) shows a valve on-off
state in a shutdown process (shutdown of a fuel cell).

FIG. 5 are system diagrams illustrating a conventional
depressurization example in a combined cycle power system:
FIG. 5(a) shows a valve on-off state in electricity generation;
and FIG. 5(b) shows a valve on-off state in a shutdown pro-
cess (shutdown of a fuel cell).

DESCRIPTION OF EMBODIMENTS

In the following, an embodiment of a combined cycle
power system according to the present invention will be
described based on the drawings.
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A fuel cell/gas turbine power system (referred to as “com-
bined cycle power system” below) 1 according to the embodi-
ment shown in FIG. 1 effectively generates electricity by a
combination of a high-temperature fuel cell 10 and a gas
turbine 20. That is, the fuel cell 10 generates electricity by an
electrochemical reaction through an electrolyte upon supply
of fuel gas and air. In addition to the fuel cell 10, the gas
turbine 20 is operated by introducing therein high-tempera-
ture discharged fuel and discharged air discharged from the
fuel cell 10 after the generation of electricity. The gas turbine
20 thereby drives a generator (not shown) coupled to an
output shaft of the gas turbine 20 to generate electricity.

When high-temperature combustion exhaust gas dis-
charged from the gas turbine 20 is further introduced into an
exhaust heat recovery boiler, a combined cycle power system
which generates electricity with a combination of a steam
turbine, the fuel cell and the gas turbine can be constructed.

Inthe following, the combined cycle power system 1 which
employs a solid oxide fuel cell (SOFC) as the above high-
temperature fuel cell 10 will be described. The SOFC 10 is
operated (generates electricity) with natural gas, petroleum,
methanol, coal-gasification gas or the like as fuel by use of
ceramics such as zirconia ceramics as an electrolyte. The
SOFC 10 is set to a high operating temperature of about 900
to 1000° C. so as to improve ion conductivity.

The SOFC 10 in the drawings includes a plurality of elec-
trodes: a fuel electrode 11 and an air electrode 12. The entire
SOFC 10 is stored within a pressure vessel 13.

Fuel such as natural gas is supplied to the fuel electrode 11
from a fuel gas supply line 30. A portion of high-temperature
discharged fuel used for an electrochemical reaction flows
into a discharged fuel recirculation line 50. A fuel inlet valve
31 that opens and closes a flow passage through which the
fuel gas flows is provided in the fuel gas supply line 30. A
discharged fuel circulation source valve 51, a booster blower
section 52, and a discharged fuel circulation outlet valve 53
described below are provided in the discharged fuel recircu-
lation line 50.

Airis supplied to the air electrode 12 from a compressed air
supply line 40. High-temperature discharged air used for an
electrochemical reaction is discharged to a discharged air
supply line 60. The compressed air supply line 40 is con-
nected to a compressor 21 of the gas turbine 20 described
below. The discharged air supply line 60 is connected to a
combustor 22 of the gas turbine 20. An air inlet valve 41 that
opens and closes a flow passage for compressed air is pro-
vided in the compressed air supply line 40 as the flow passage.
A discharged air outlet valve 61 that opens and closes a flow
passage for discharged air is provided in the discharged air
supply line 60 as the flow passage.

The gas turbine 20 includes the compressor 21, the com-
bustor 22, and a turbine 23. In this case, the gas turbine 20 is
operated upon supply of the high-temperature discharged fuel
and the high-temperature discharged air discharged from the
SOFC 10.

The compressor 21 is driven by the output of the turbine 23
to supply the compressed air compressed by sucking air (out-
side air) to the air electrode 12 of the SOFC 10 connected via
the compressed air supply line 40. The compressed air supply
line 40 thus works as a flow passage that supplies the air
compressed by the compressor 21 to the air electrode 12.

The discharged air is supplied to the combustor 22 from the
discharged air supply line 60. The high-temperature dis-
charged fuel is also supplied to the combustor 22 from a gas
turbine fuel supply line 70 that branches from the discharged
fuel recirculation line 50. The combustor 22 burns the dis-
charged fuel by using the discharged air to generate high-
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temperature and high-pressure combustion gas, and supplies
the combustion gas to the turbine 23. A discharged fuel supply
source valve 71 that opens and closes a flow passage through
which the discharged fuel flows is provided in the fuel supply
line 70.

The turbine 23 converts the energy of the combustion gas
supplied from the combustor 22 to a shaft output, and outputs
the shaft output. The shaft output of the turbine 23 is used for
driving the compressor 21 and the generator (not shown).

The discharged fuel recirculation line 50 is a flow passage
that connects the fuel electrode 11 and the fuel gas supply line
30 to circulate the discharged fuel. The discharged fuel cir-
culation source valve 51, the booster blower section 52, and
the discharged fuel circulation outlet valve 53 are provided
therein in order from the upstream fuel electrode 11. That is,
the discharged fuel recirculation line 50 is a flow passage that
recirculates, as the discharged fuel, the fuel gas discharged
from the fuel electrode 11 after the SOFC 10 generates elec-
tricity. The flow passage branches in the middle to supply a
portion of the discharged fuel to the combustor 22 of the gas
turbine 20. The remaining discharged fuel is reused by joining
the fuel gas supplied through the fuel gas supply line 30.

The discharged fuel circulation source valve 51 and the
discharged fuel circulation outlet valve 53 are on-off valves
provided to open and close the flow passage through which
the discharged fuel passes.

The booster blower section 52 is an air blower or a com-
pressor provided to boost the pressure of the discharged fuel
and cause the discharged fuel to join the fuel gas. The dis-
charged fuel whose pressure is boosted in the booster blower
section 52 joins the fuel gas having a higher pressure than that
of'the discharged fuel and flowing through the fuel gas supply
line 30 so as to be compressed into the flow of the fuel gas.

A discharged fuel atmospheric release line 80 that
branches upstream of the discharged fuel circulation source
valve 51 is connected to the discharged fuel recirculation line
50. The discharged fuel atmospheric release line 80 is a flow
passage that releases the high-temperature discharged fuel to
outside of the fuel electrode 11 and its peripheral portion in
the operation shutdown of the SOFC 10. The discharged fuel
atmospheric release line 80 includes a discharged fuel release
source valve 81 that opens and closes the flow passage. In a
configuration example in the drawings, when the discharged
fuel release source valve 81 is opened, the discharged fuel is
released to the atmosphere from a stack 82 connected to the
discharged fuel atmospheric release line 80.

A discharged air atmospheric release line 90 that branches
upstream of the discharged air outlet valve 61 is connected to
the discharged air supply line 60. The discharged air atmo-
spheric release line 90 is a flow passage that releases the
discharged air of the air electrode 12 and its peripheral portion
to outside in the operation shutdown of the SOFC 10. The
discharged air atmospheric release line 90 includes a dis-
charged air release source valve 91 that opens and closes the
flow passage. In the configuration example in the drawings,
when the discharged air release source valve 91 is opened, the
discharged air is released to the atmosphere from a stack 92
connected to the discharged air atmospheric release line 90.

The discharged fuel atmospheric release line 80 and the
discharged fuel recirculation line 50 are connected together
via a discharged fuel release bypass line 100 downstream of
the discharged fuel release source valve 81 and downstream
of the discharged fuel circulation source valve 51. The dis-
charged fuel release bypass line 100 is a flow passage that
releases the discharged fuel in the discharged fuel recircula-
tion line 50 to outside in the operation shutdown of the SOFC
10. The discharged fuel release bypass line 100 includes a
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bypass on-oft valve 101 that opens and closes the flow pas-
sage. In the configuration example in the drawings, when the
bypass on-off valve 101 is opened, the discharged fuel is
released to the atmosphere from the stack 82 connected to the
discharged fuel atmospheric release line 80.

In the combined cycle power system 1 having the above
configuration, the discharged fuel release source valve 81, the
discharged air release source valve 91, and the bypass on-off
valve 101 are closed (indicated by black color) in the case of
“IN ELECTRICITY GENERATION” shown in FIG. 1(a).
The other valves in the drawing are opened (indicated by
white color).

In the state of “IN ELECTRICITY GENERATION”, the
fuel gas and the discharged fuel are supplied to the fuel
electrode 11 of the SOFC 10, and the compressed air is
supplied to the air electrode 12, thereby generating electricity.

The discharged fuel and the discharged air are also sup-
plied to the combustor 22 of the gas turbine 20. The turbine 23
is thereby rotated by the high-temperature and high-pressure
combustion gas. The generator is driven by the shaft output of
the turbine 23, thereby generating electricity.

However, when the operation of the combined cycle power
system 1 is shut down, the on-off states of the respective
on-off valves are switched as shown in “IN SHUTDOWN
PROCESS” in FIG. 1(b).

To be more specific, the fuel inlet valve 31, the air inlet
valve 41, the discharged fuel circulation source valve 51, the
discharged fuel circulation outlet valve 53, the discharged air
outlet valve 61, and the discharged fuel supply source valve
71 in an open state “IN ELECTRICITY GENERATION™ are
closed. At substantially the same time as the closing opera-
tion, the discharged fuel release source valve 81, the dis-
charged air release source valve 91, and the bypass on-off
valve 101 in a closed state are opened.

As aresult, the discharged fuel in a high-temperature por-
tion, that is, the high-temperature discharged fuel in the fuel
electrode 11 and its peripheral flow passages (a region sur-
rounded by the fuel inlet valve 31, the discharged fuel circu-
lation source valve 51, and the discharged fuel circulation
outlet valve 53) is released to the atmosphere from the stack
82 through the discharged fuel atmospheric release line 80.
The inside of the fuel electrode 11 is thereby rapidly depres-
surized by the release of the high-temperature discharged
fuel.

Moreover, the discharged fuel in a low-temperature por-
tion, that is, the discharged fuel within the discharged fuel
recirculation line 50 between the discharged fuel circulation
source valve 51 and the discharged fuel circulation outlet
valve 53 is released to the atmosphere from the stack 82
through the discharged fuel release bypass line 100 and the
discharged fuel atmospheric release line 80.

Meanwhile, the discharged air in the high-temperature por-
tion, that is, the high-temperature discharged air within the air
electrode 12 and its peripheral flow passages is released to the
atmosphere from the stack 92 through the discharged air
atmospheric release line 90. The inside of the air electrode 12
is thereby rapidly depressurized by the release of the high-
temperature discharged air.

The temperatures of the discharged fuel and the discharged
air in the low-temperature portion as a peripheral piping
section connected to the high-temperature portion are lower
than those of the high-temperature portion in and around the
reacting section of SOFC 10.

As described above, in the combined cycle power system 1
having the above configuration, the circulation of the fuel, the
compressed air, the discharged fuel, and the discharged air is
blocked between the high-temperature portion of the inside
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and around the SOFC 10 and the low-temperature portion of
the outside of the SOFC 10, and the discharged fuel and the
discharged air are also released to outside of the high-tem-
perature portion by operating the respective on-off valves at
the same time as the operation shutdown of the SOFC 10. The
SOFC 10 can be thereby depressurized and shut down. The
operation as described above is an effective method for shut-
ting down the combined cycle power system 1.

Thatis, reduction at the air electrode 12 and oxidation at the
fuel electrode 11 are more effectively suppressed as the pres-
sure is lower and the temperature is lower. When the high-
temperature discharged fuel and the high-temperature dis-
charged air are released to outside of the SOFC 10 at the same
time as the operation shutdown, the fuel electrode 11, the air
electrode 12, and their peripheral portions can be rapidly
depressurized. Accordingly, in the above combined cycle
power system 1, a pressure decrease by the rapid depressur-
ization and a temperature decrease by expansion of the dis-
charged fuel (gas) associated with the pressure decrease are
quickly achieved to obtain a low-temperature and low-pres-
sure depressurized shutdown state that satisfies deterioration
suppression conditions for the SOFC 10. The deterioration of
the fuel cell can be thereby suppressed.

The temperature of the low-temperature portion, such as
the discharged fuel recirculation line 50, whose temperature
is low rather than the high-temperature portion may be
decreased to a saturated temperature or less by the depressur-
ization. Drain may thereby occur. When the drain occurs in or
flows into the SOFC 10, the SOFC 10 may be deteriorated.

To make an improvement on the above circumstance, in the
above combined cycle power system 1 and its fuel cell pro-
tection method, the depressurization is performed after sepa-
rating the SOFC 10 (the high-temperature portion) in which
the drain does not occur because of the high temperature even
when the pressure is decreased, and the peripheral low-tem-
perature portion in which the drain possibly occurs due to the
low temperature from each other by opening or closing the
on-off valves provided in the respective lines. The occurrence
of the drain within the SOFC 10 can be thereby prevented.
Accordingly, the durability and reliability of the SOFC 10 and
the combined cycle power system 1 having the SOFC 10 are
improved.

In the above combined cycle power system 1 and the fuel
cell protection method according to the present embodiment,
the discharged fuel circulation source valve 51 and the dis-
charged fuel circulation outlet valve 53 of the discharged fuel
recirculation line 50, and the discharged fuel release bypass
line 100 in which the bypass on-off valve 101 is provided are
added. The drain occurring in the discharged fuel recircula-
tion line 50 is thereby prevented from flowing into the fuel
electrode 11, so that the deterioration of the SOFC 10 is
suppressed and the influence of the drain flowing into the fuel
electrode 11 in the high-temperature portion is eliminated.

The discharged fuel may be released through two stages in
the shutdown of the SOFC as in a first modification shown in
FIG. 2. Thatis, the discharged fuel is preferably released from
the high-temperature portion inside the SOFC 10 (mainly, the
fuel electrode 11) in the first stage, and from the peripheral
low-temperature portion of the outside of the SOFC (mainly,
the discharged fuel recirculation line 50) in the second stage.

To be more specific, in the first stage of “IN SHUTDOWN
PROCESS (ONLY FUEL CELL)” shown in FIG. 2(b), the
bypass valve of the discharged fuel release bypass line 100 is
closed to separate the discharged fuel atmospheric release
line 80 and the discharged fuel recirculation line 50 from each
other. Thus, in the first stage, the high-temperature discharged
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fuel inside the fuel electrode 11 in communication with the
discharged fuel atmospheric release line 80 is released to the
atmosphere.

In the second stage of “IN SHUTDOWN PROCESS (PIP-
ING SYSTEM)” shown in FIG. 2(c), the discharged fuel
release source valve 81 is closed, and the bypass valve of the
discharged fuel release bypass line 100 is opened, to separate
the fuel electrode 11 and the discharged fuel atmospheric
release line 80 from each other. The discharged fuel recircu-
lation line 50 thereby communicates with the discharged fuel
atmospheric release line 80 via the discharged fuel release
bypass line 100. Thus, in the second stage, the low-tempera-
ture discharged fuel inside the discharged fuel recirculation
line 50 in communication with the discharged fuel atmo-
spheric release line 80 is released to the atmosphere.

By releasing the discharged fuel through the two stages as
described above, only the SOFC 10 which may be deterio-
rated by a high pressure when a pressurized state is main-
tained is depressurized without depressurizing the discharged
fuel recirculation line 50 in the shutdown of the SOFC. The
occurrence of the drain in the discharged fuel recirculation
line 50 can be thereby prevented.

That is, only the fuel electrode 11 of the SOFC 10 which
may be deteriorated by a high pressure when a pressurized
state is maintained is depressurized in the first stage without
depressurizing the discharged fuel recirculation line 50 in the
operation shutdown ofthe SOFC. As a result, the pressure and
the temperature of the discharged fuel recirculation line 50
are maintained, so that the occurrence of the drain can be
prevented. Before the drain occurs in the discharged fuel
recirculation line 50 due to natural heat dissipation, the
release in the second stage is performed while the pressurized
state within the flow passage of the discharged fuel recircu-
lation line 50 is being maintained. Accordingly, the occur-
rence of the drain can be reliably prevented.

The combined cycle power system 1 according to the
aforementioned embodiment may also employ a configura-
tion according to a second modification as shown in FIG. 3,
for example. In the second modification shown in FIG. 3, the
same portions as those in the aforementioned embodiment are
assigned the same reference numerals, and the detailed
description is omitted.

In a combined cycle power system 1A shown in FIG. 3, the
compressed air supply line 40 includes a cooling air supply
line 65 in which a source valve 66 is provided in a flow
passage connected to the downstream side of the air inlet
valve 41. To enhance the cooling of the air electrode system in
the high-temperature portion, the cooling air supply line 65
supplies cooling air such as outside air into the air electrode
12 after the depressurization shutdown by air blowing means
such as a fan 67. The cooling air supply line 65 can eftectively
reduce a cooling time length.

In the combined cycle power system 1A according to the
second modification shown in FIG. 3, the discharged fuel
recirculation line 50 also includes a replacement gas supply
line 55 in which source valves 56 and 57 are respectively
provided in flow passages connected to the upstream side and
the downstream side of the discharged fuel circulation outlet
valve 53. To enhance the cooling of the fuel electrode system
in the high-temperature portion, the replacement gas supply
line 55 supplies replacement gas such as inert gas and cooling
air into the fuel electrode 11 and the discharged fuel recircu-
lation line 50 after the combined cycle power system 1
according to the aforementioned embodiment is depressur-
ized and shut down. The replacement gas supply line 55 can
effectively replace the combustible gas and prevent the occur-
rence of the drain resulting from the temperature decrease
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after the depressurization shutdown by circulating the
replacement gas to replace the gas in the respective lines after
the depressurization shutdown of the SOFC. The replacement
gas is preferably supplied in a state in which the SOFC 10 is
shut down with the pressure being depressurized to 0.9 MPa
or less.

Two types of gasses: inert gas such as nitrogen and air may
be prepared as the replacement gas used in this case, and the
two types of gasses may be selectively switched in a phased
manner. The fuel cell can be thereby shut down in a shorter
length of time. That is, the SOFC 10 may be cooled by
circulating the inert gas in the fuel electrode system in the
high-temperature portion after the depressurization shut-
down. After the temperature is decreased to a temperature at
which the fuel electrode is not reoxidized, the air may be used
for cooling. The cooling may be performed through the two
stages as described above. Since the cooling with the inert gas
is performed in a high-temperature state (300 to less than 600°
C.) in the first stage, and the cooling with the air is performed
in a state in which the temperature is decreased to some extent
(e.g., less than 300° C.) in the second stage, the occurrence of
the drain by cooling is prevented. High safety can be obtained
by the cooling with the inert gas. Also, the cooling can be
performed with a minimum amount of inert gas since the air
is used after the temperature decrease. If the temperature of
the fuel cell is decreased to the temperature at which the fuel
electrode is not reoxidized by the depressurization shutdown
of'the fuel cell, the fuel cell may be cooled only by supplying
the air.

Although both the replacement gas supply line 55 and the
cooling air supply line 65 are provided in the configuration
example as shown in the drawing, the replacement gas supply
line 55 and the cooling air supply line 65 may be appropri-
ately selected. For example, only the replacement gas supply
line 55 may be provided.

Next, another embodiment of the aforementioned power
system and the fuel cell protection method will be described
based on FIG. 4. The same portions as those of the aforemen-
tioned embodiment may be assigned the same reference
numerals, and the detailed description is omitted.

In a combined cycle power system 1B described in the
present embodiment, an orifice (a pressure loss element) 83
and the discharged fuel release source valve 81 are provided
in order from the upstream side in a discharged fuel atmo-
spheric release line 80A. The discharged fuel atmospheric
release line 80A is a flow passage that branches from the
discharged fuel recirculation line 50 upstream of the dis-
charged fuel circulation source valve 51. A discharged fuel
release bypass line 100A as a flow passage connects the
discharged fuel atmospheric release line 80A and the dis-
charged fuel recirculation line 50 between the orifice 83 and
the discharged fuel release source valve 81 of the discharged
fuel atmospheric release line 80, and downstream of the dis-
charged fuel circulation source valve 51 of the discharged fuel
recirculation line 50. In this case, the bypass on-off valve 101
in the aforementioned embodiment is not provided.

The combined cycle power system 1B having the above
configuration employs a fuel cell protection method in which
the discharged fuel is released after the shutdown of the
SOFC while the pressure on the high-temperature side is
being maintained higher than that of the low-temperature
side.

That is, the fuel inlet valve 31, the discharged fuel circula-
tion source valve 51, the discharged fuel circulation outlet
valve 53, the air inlet valve 41, and the discharged air outlet
valve 61 in an open state are closed at the same time as the
operation shutdown of the SOFC 10. The circulation of the
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fuel, the compressed air, the discharged fuel, and the dis-
charged air is thereby blocked between the high-temperature
portion inside and around the SOFC 10 and the low-tempera-
ture portion at the outside of the fuel cell.

Moreover, the discharged fuel release source valve 81 and
the discharged air release source valve 91 in a closed state are
opened at the same time as the operation shutdown of the
SOFC 10. The discharged fuel and the discharged air are
thereby released to outside of the high-temperature portion,
so that the high-temperature portion is rapidly depressurized.
Since the orifice 83 is provided in the discharged fuel atmo-
spheric release line 80A, the pressure of the high-temperature
portion at the fuel electrode 11 where the release flow passage
has a large pressure loss is maintained higher than that of the
low-temperature side. That is, since the orifice 83 is provided
in the flow passage, the discharged fuel can be released to the
atmosphere while the flow of the released discharged fuel is
prevented from entering the high-temperature (high-pres-
sure) side from the low-temperature (low-pressure) side.

As a result, even when the drain occurs in the discharged
fuel recirculation line 50 on the low-temperature side, the
drain can be prevented from flowing into the fuel electrode 11
on the high-temperature side.

In accordance with the aforementioned embodiments and
the modifications, the high-temperature fuel cell such as the
SOFC 10 requires no or a less amount of high-pressure inert
gas when shut down. Consequently, in the combined cycle
power systems 1, 1A, and 1B, the initial cost and the running
cost of the entire system can be reduced.

The inside of the SOFC 10 can be rapidly depressurized to
decrease the temperature in the shutdown of the SOFC 10.
The drain can be also prevented from occurring in or entering
the fuel cell from outside. Accordingly, the high-temperature
fuel cell such as the SOFC 10 can be protected by suppressing
the deterioration of the fuel cell.

That is, in accordance with the aforementioned embodi-
ments and the modifications, the costs can be reduced by
simplifying the facility for supplying inert gas such as a
nitrogen facility. The SOFC can be also protected even in case
of loss of power. Consequently, such excellent effects as to
suppress the deterioration and improve the reliability and
durability can be produced.

The present invention is not limited to the aforementioned
embodiments, and, for example, may be applied to a high-
temperature/high-pressure fuel cell other than the SOFC.
Modifications may be made as appropriate without departing
from the scope.

REFERENCE SIGNS LIST

1 Fuel cell/gas turbine power system

10 SOFC (fuel cell)

11 Fuel electrode

12 Air electrode

20 Gas turbine

21 Compressor

22 Combustor

23 Turbine

30 Fuel gas supply line

31 Fuel inlet valve

40 Compressed air supply line

41 Air inlet valve

50 Discharged fuel recirculation line

51 Discharged fuel circulation source valve
52 Booster blower section

53 Discharged fuel circulation outlet valve
60 Discharged air supply line
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61 Discharged air outlet valve

70 Gas turbine fuel supply line

71 Discharged fuel supply source valve

80,80A Discharged fuel atmospheric release line
81 Discharged fuel release source valve

83 Orifice (pressure loss element)

90 Discharged air atmospheric release line

91 Discharged air release source valve
100,100A Discharged fuel release bypass line
101 Bypass on-off valve

The invention claimed is:

1. A combined cycle power system comprising:

a fuel cell which generates electricity by an electrochemi-
cal reaction through an electrolyte upon supply of fuel
gas and air;

a gas turbine which is operated upon supply of discharged
fuel and discharged air discharged from the fuel cell
after the generation of electricity;

a fuel gas supply line which includes
a first flow passage that supplies the fuel gas to a fuel

electrode of the fuel cell, and
a fuel inlet valve provided in the first flow passage;

a compressed air supply line which includes

a second flow passage that supplies air compressed by a
compressor of the gas turbine to an air electrode of the
fuel cell, and

an air inlet valve provided in the second flow passage;

a discharged fuel recirculation line which includes

athird flow passage that connects the fuel electrode and
the fuel gas supply line to circulate the discharged
fuel, and

a discharged fuel circulation source valve, a booster
blower section, and a discharged fuel circulation out-
let valve provided in the third flow passage in order
from an upstream side thereof;
a discharged air supply line which includes
a fourth flow passage that supplies the discharged air
from the air electrode to a combustor of the gas tur-
bine, and

a discharged air outlet valve provided in the fourth flow
passage;
a gas turbine fuel supply line which includes
a fifth flow passage that branches from the discharged
fuel recirculation line between the discharged fuel
circulation source valve and the booster blower sec-
tion to supply a portion of the discharged fuel to the
combustor, and

a discharged fuel supply source valve provided in the
fifth flow passage;
a discharged fuel atmospheric release line which includes
a sixth flow passage that branches from the discharged
fuel recirculation line upstream of the discharged fuel
circulation source valve, and

a discharged fuel release source valve provided in the
sixth flow passage;
a discharged air atmospheric release line which includes
a seventh flow passage that branches from the dis-
charged air supply line upstream of the discharged air
outlet valve, and

a discharged air release source valve provided in the
seventh flow passage; and

a discharged fuel release bypass line which includes
an eighth flow passage that connects the discharged fuel

atmospheric release line and the discharged fuel recir-
culation line downstream of the discharged fuel
release source valve and downstream of the dis-
charged fuel circulation source valve, and
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a bypass on-off valve provided in the eighth flow pas-
sage.

2. The combined cycle power system according to claim 1,
wherein the compressed air supply line includes a cooling air
supply line which includes a flow passage connected to the
compressed air supply line downstream of the air inlet valve,
and a cooling air supply source valve provided in the flow
passage.

3. The combined cycle power system according to claim 1,
further comprising a replacement gas supply line which
includes a flow passage connected to the discharged fuel
recirculation line upstream and downstream of the discharged
fuel circulation outlet valve, and a pair of replacement gas
supply source valves respectively provided in the flow pas-
sages on the upstream side and the downstream side.

4. A combined cycle power system comprising:

a fuel cell which generates electricity by an electrochemi-
cal reaction through an electrolyte upon supply of fuel
gas and air;

a gas turbine which is operated upon supply of discharged
fuel and discharged air discharged from the fuel cell
after the generation of electricity;

a fuel gas supply line which includes
a first flow passage that supplies the fuel gas to a fuel

electrode of the fuel cell, and
a fuel inlet valve provided in the first flow passage;

a compressed air supply line which includes

a second flow passage that supplies air compressed by a
compressor of the gas turbine to an air electrode of the
fuel cell, and

an air inlet valve provided in the second flow passage;

a discharged fuel recirculation line which includes

a third flow passage that connects the fuel electrode and
the fuel gas supply line to circulate the discharged
fuel, and

a discharged fuel circulation source valve, a booster
blower section, and a discharged fuel circulation out-
let valve provided in the third flow passage in order
from an upstream side thereof;

a discharged air supply line which includes
a fourth flow passage that supplies the discharged air

from the air electrode to a combustor of the gas tur-
bine, and
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a discharged air outlet valve provided in the fourth flow
passage;

a gas turbine fuel supply line which includes

a fifth flow passage that branches from the discharged
fuel recirculation line between the discharged fuel
circulation source valve and the booster blower sec-
tion to supply a portion of the discharged fuel to the
combustor, and

a discharged fuel supply source valve provided in the
fifth flow passage;

a discharged fuel atmospheric release line which includes

a sixth flow passage that branches from the discharged
fuel recirculation line upstream of the discharged fuel
recirculation source valve, and

a pressure loss element and a discharged fuel release
source valve provided in the sixth flow passage in
order from an upstream side thereof;

a discharged air atmospheric release line which includes

a seventh flow passage that branches from the dis-
charged air supply line upstream of the discharged air
outlet valve, and

a discharged air release source valve provided in the
seventh flow passage; and

a discharged fuel release bypass line as an eighth flow
passage that connects the discharged fuel atmospheric
release line and the discharged fuel recirculation line
between the pressure loss element and the discharged
fuel release source valve and downstream of the dis-
charged fuel circulation source valve.

5. The combined cycle power system according to claim 4,
wherein the compressed air supply line includes a cooling air
supply line which includes a flow passage connected to the
compressed air supply line downstream of the air inlet valve,
and a cooling air supply source valve provided in the flow
passage.

6. The combined cycle power system according to claim 4,
further comprising a replacement gas supply line which
includes a flow passage connected to the discharged fuel
recirculation line upstream and downstream of the discharged
fuel circulation outlet valve, and a pair of replacement gas
supply source valves respectively provided in the flow pas-
sages on the upstream side and the downstream side.
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